Dental Gutta-percha (GP) is a polymer based standard root canal filling material that has been widely used in dentistry. However, it has an inadequate sealing ability and adhesion to root dentin. The aim of this study is to coat GP with a bioactive material to enhance its sealing ability and adhesion to the root sealer and subsequently to the root dentin. The choice of coating method is limited by the nature of GP as it requires a technique that is not governed by high temperatures or uses organic solvents. In this study, biomimetic coating technique using 1.5 Tas-simulated body fluids (SBF) was employed to coat the treated GP cones. The coated samples were characterized using Fourier transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), and field emission scanning electron microscope (FESEM). The presence of hydroxyl, carbonate, and phosphate groups was detected by FTIR while the formation of hydroxyapatite (HA)/calcium phosphate was confirmed with XRD. FESEM revealed uniform, thin, and crystalline HA calcium phosphate coating. The adhesion of the coating to the GP substrate was assessed with microscratch technique. It was viable with cohesive failure mode. In conclusion, Tas-SBF is able to coat pretreated GP cones with a crystalline apatitic calcium phosphate layer.
Introduction
Gutta-percha (GP) is a natural polymer that undergoes manufacturing processing and incorporation of other fillers before application as root canal filling [1] . It is the gold standard root canal filling material and it has many advantages such as biocompatibility, nonstaining, and radiopacity [2] . However, it possesses an inadequate sealing ability and adhesion to root dentin [3] . The concept of coating the GP has been introduced to enhance the adhesion and sealing ability of root canal filling materials to the dentin and the sealer [4] . However, commercially available materials with coated GP with either methacrylate resin or glass ionomer-based materials were unable to hermetically seal the root canal and prevent leakage [5] [6] [7] .
Coating of GP with a bioactive material that has similar components to the root dentin could enhance the bonding to the root sealers and subsequently to the root dentin. Hydroxyapatite (HA) or its precursor amorphous calcium phosphate is a bioactive material that could be produced in a uniform and a thin thickness. Theoretically, using these materials for root filling can lead to deposition of these inorganic particles at the root surface and increase the sealing ability and induce crystal growth on material surfaces [8] . Properties of GP including its low melting point [9] and its taper shape make its coating a challenge.
Synthetic or simulated body fluid (SBF) solutions are able to induce apatite calcium phosphate formation on metals, ceramics, or polymers immersed in them with proper surface treatments [10] . As reported by Kokubo et al., calcium phosphate is metastable in SBF and it eventually transforms into crystalline apatite. Once apatite nuclei are formed at initial stage, they will spontaneously grow by consuming the calcium and phosphate ions from the SBF to form a dense and uniform apatite layer [11] . Different SBF solutions have been used in literature to deposit CaP on substrates [12] . Tas-SBF solution was reported to have a HCO 3 − concentration mimicking the human plasma (27 mM) and it was able to produce even carbonated calcium phosphate coating compared to conventional SBF and revised SBF [10] . In addition, it can induce a nanoporous apatitic calcium phosphate formation on metal and bone substitutes under the biomimetic conditions of 37 ∘ C and pH 7.4 [10, 13] . However, the in vitro apatite-inducing ability of Tas-SBF on a polymer substrate has not yet been reported. The aim of this study is to coat the pretreated GP cones with uniform thickness of apatite calcium phosphate layer using the Tas-SBF solution.
Experimental Procedures

Preparation and Characterization of Coating.
The coating technique was performed according to previously published study [10] as follows. Size 40 and 0.06 taper GP cones (Iso coded Dentsply, Maillefer, USA) were used as substrate. The cones were first abraded with a #1000 SiC paper (FEPA P#1000, Struers) and subsequently washed with acetone, ethanol, and deionized water in an ultrasonic bath (WiseClean, Korea). Each one of the GP cones was then immersed vertically by using stainless steel wires in 50 mL of a 5 M NaOH (EMSURE, Germany) solution at 60 ∘ C for 24 hours in a glass bottle, followed by washing with deionized water and drying at 40 ∘ C. 1.5 TRIS-buffered, 27 mM simulated body fluid solutions (1.5x Tas-SBF) were freshly prepared by adding the reagents in order and quantity as given in Table 1 . The NaOH treated GP cones were soaked at 37 ∘ C in 50 mL of 1.5x Tas-SBF of pH 7.4 in tightly sealed Scott (Scott, USA) media bottles of 100 mL capacity, for a period of 10 days. SBF solution was changed every 48 hours. GP cones were removed from the SBF solution at the end of respective soaking times and washed with deionized water, followed by drying at 37 ∘ C. The coating on GP cones was analyzed using an X-ray diffractometer (XRD; PANalytical-EMPYREAN), operated at 45 kV and 40 mA with monochromated Cu K radiation. The XRD data were collected at 2 values from 10 ∘ to 70 ∘ at a rate of 0.01 ∘ per minute. Fourier-transform infrared (FTIR, Nicolet 6700, Thermo-Nicolet) analyses were performed directly on the coated GP cones. Surface morphology of the coated GP was evaluated with a field emission scanning electron microscope (Low Vaccum Operating Mode, Quanta FEG 250, Holland) at different magnification.
Microscratch Adhesion Test.
The coatings were subjected to a series of adhesion strength measurements using a Micro Materials NanoTest (Wrexam, UK) microscratch testing platform. A conical spherical Rockwell diamond stylus of 25 m radius was used. Three cones were subjected to the test and two scratches were made on the coating of each cone with scratching progressive load from 0 to 1000 mN. The different scratch loads correspond to loading rates of 1.0 and 2.5 mN/s. Topography scanning and scratching was done using a scan speed of 2 m/s. The scratching length was fixed to 2500 m. The scratch direction was from right side (coronal) to left side (apical). The critical load (peeling-off load) was recorded based on the scratch profile of the load-displacement graph. It was verified with an optical image of the scratch path since it was discovered that some failure modes can occur without a noticeable change in the scratch profile. The images of the scratch paths were taken using an Olympus BX-51 optical microscope (Olympus BX-UCB, Japan) with ×50
International Journal of Polymer Science magnification. The critical load, the load at which the coatings are delaminated along the scratch path, was recorded. Figure 1 shows the FTIR spectrum for the GP (as received), NaOH treated GP, and SBF coated GP. The NaOH treated sample clearly indicates the presence of the OH group which is formed on the surface of the GP after treatment with 5 M NaOH at 60 ∘ C for 24 h. After immersion in the SBF solution for 10 days, FTIR showed coating consisting of carbonated (CO 3 −2 ion absorption bands seen at 1470-1420 and 875 cm −1 ) calcium phosphates. The presence of the stretching and the vibrational modes of the OH group at 3100 and 3571 cm −1 indicated that hydroxyapatite was also formed in the coating. Figure 2 shows the XRD patterns for the GP, NaOH treated GP, and Tas-SBF coated GP. NaOH treated samples showed the presence of NaOH peaks confirming the existence of -OH bond on the surface. Tas-SBF coated sample indicated the formation of apatite/calcium phosphate [JCPDS card-090432].
Results
Characterization of the Coating.
SEM ( Figure 3) shows formation of a uniform layer of coating on the GP. The morphology of the coating at different magnification is shown in Figure 4 . Figure 4(c) shows the crystalline form of apatite/calcium phosphate. The SEM measurements of the coating thickness gave a uniform coating with a thickness range of 14-19 m and an average of 16 m.
Microscratch Adhesion.
According to the two different loading rates 0.1 and 2.5 mN/s, the mean critical load was 535.99 mN and 1001.46 mN, respectively. This type of failure mode is cohesive failure. The total failure was recovery spallation mode.
Discussion
SBF solutions of physiological pH 7.4 and temperature 37
∘ C have been used in experimental studies for coating metals, polymers, and ceramics with a thin layer of carbonated apatite CaP [10, 13] . There are two essential steps for coating: first, pretreatment of substrate surface to deposit the hydroxyl-OH that is essential for initiating the aggregation of precipitate [12] ; second, changing or replenishing the solution as with the advance of precipitate formation the level of pH increased and the level of CaP precipitate decreased [14] .
In the current study, we were able to produce a uniform coating of apatite/calcium phosphate with no cracks observed. This is an improvement from the previously reported study where cracks were present due to hydration [10] . This positive result can be attributed to the thin coatings achieved in this study. With thinner coatings, the hydration occurs in a more uniform manner throughout the thickness of the coating.
This study was also able to confirm the presence of -OH in the coating with FTIR and XRD analysis. Presence of -OH group is an indicator to formation of hydroxyapatite. This is contrary to previous reported studies that were not able to confirm the presence of the -OH group [8] . We believe this finding to be due to the modification made by replacing the Tas-SBF solution rather than replenishment done by previous researchers [10] . This can also be due to the polymeric nature of the substrate used.
In this study, we used the scratch test method to evaluate the adhesion between the GP and the coating. Although pullout tensile test is the most predominant way to measure the adhesion of coating, it is affected by different factors such as surface roughness [15, 16] . Whereas scratch results only characterize the interface adhesion, therefore it could a more suitable method to evaluate the delamination possibility of the coatings [16] . Furthermore, the taper shape of the GP cone makes it inappropriate for pull-out tensile testing.
Due to lack of standard value to evaluate the adhesion test, we compared the adhesion value obtained in this study to a previous study that reported a good adhesion (390 mN) of pure HA coating on Ti 6 Al 4 V substrate [16] . In the current study, the good adhesion strength and presence of cohesive failure mode are attributed to the existence of both mechanical interlocking and chemical bonding between coating and substrate. During pretreatment of GP with NaOH, hydroxyl group can react chemically and bond with the hydrophobic polyisoprene components of GP [4] . Moreover, the rough International Journal of Polymer Science morphological structure of GP due to presence of zinc oxide in polymeric matrix as well as the small size of CaP precipitates is believed to enhance the mechanical interlocking bond.
Coating of the GP with apatite/calcium phosphate is proposed to enhance its surface properties as root canal filling material. Similarity of the coating components to hydroxyapatite in root dentin might increase the chemical adhesion of some sealers that bond chemically to root dentin such as glass ionomer-based sealer [17] . Furthermore, the roughness of coating surface could permit penetration and mechanical interlocking of root sealer particles into the coated GP surface.
Conclusions
With the limitation of this study, the biomimetic technique using Tas-SBF is able to evenly coat pretreated GP cones with a crystalline apatitic calcium phosphate layer.
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